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JurassicThe genesis of a suite of Jurassic (Lias) microbialites at the Úrkút black shale-hosted manganese carbonate ore
body (central Hungary) is described by a two-stepmicrobial formationmodel that uses mineral chemistry com-
bined with whole-proﬁle (up section) textural context and sulfur isotopic compositions of associated pyrite and
barite. Petrogenetic analysis and paleo-environmental reconstructions show that the sedimentary regime of the
Úrkút microbialites mostly behaved as an open system during deposition of black shale under early diagenetic
conditions. Sulfur isotopes and other chemostratigraphic indicators, however, reveal that the Mn ore bed
horizons reached semi-closed/closed conditionswhich modulated sedimentation rate and organic matter burial.
Barite horizons withinMn-carbonate layers preserve δ34SVCDT values that average+22.2‰, with amaximum
at +35.2‰. Barite formation occurred under semi-closed/closed conditions at diagenesis, and the Ba source is
attributable to the decomposition of organic matter derived from plankton and other marine organisms, as
well as transformation of biogenic silica. Pyritiferous horizons host equant, framboidal and euhedral
morphotypes. The distribution and size of euhedral and framboidal sulﬁde habits is consistent with later diage-
netic sulfate reduction under an oxic water column; more equant types occur at the contact zone of black shale
and Mn-carbonate horizons. The microbialites of Úrkút bear strong similarities to ore bodies at Molango (Upper
Jurassic, Mexico) and Tao Jiang (Middle Ordovician, China). Manganese supply and trace metal contents (Co, Ni,
Zn, Cd and As) of the sulﬁdes also point to the effects of distal hydrothermal ﬂuid sources to the system.
© 2014 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.1. Introduction
Authigenic Fe-sulﬁdes are a common feature of ﬁne grained, organic
matter-rich marine sediments throughout the geologic record. They
form under anoxic micro-conditions, where reactive organic matter,
dissolved sulfate and reactive Fe-minerals co-mingle. As the relative
contributions of these diverse components can vary in different sedi-
mentary environments, their coupling with authigenic Fe-sulﬁdes has
long been used as an analytical geochemical facies indicator (e.g.
Berner, 1980; Leventhal, 1983; Hámor and Hertelendi, 1991; Hámor,
1994; Vető et al., 1997). Sedimentary Fe-sulﬁdes principally formduring
early diagenesis in the sulfate reduction zone, and because of this they
are a reliable testimony of pore water chemistry (e.g. Sweeney andlogical Sciences, University of
0309-0399, USA.
palm@geo.u-szeged.hu
h@vnet.hu (T. Vigh),
na Research. Published by Elsevier B.
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2.002Kaplan, 1973; Hudson, 1982; Raiswell, 1982). Pyrite framboid size dis-
tribution is also a representative primary feature of anoxic sediments.
Syngenetic framboids formed in euxinic water columns are on average
smaller and less variable in size than those diagenetically formed in sed-
iments underlying oxic water columns (Wilkin et al., 1996, 1997). To-
gether with other chemical features that we highlight below, they are
a useful tool in recording changes to bottom-water redox conditions
(Wilkin et al., 1997; Wignall and Newton, 1998).
Sulfur isotopic values of authigenic marine Fe-sulﬁdes – sometimes
associated with sulfates in carbonates – are often used to interrogate
the evolution of the marine chemical system, and in particular the long
term changes in oceanic sulfate content and a sulfur isotope composition
(e.g. Holland, 1978). One such integrated example is the known occur-
rence of pyrite-bearing horizons within microbially-mediated laminated
Mn-carbonate sediments. Despite the fact that such rocks have been
widely documented in Phanerozoic marine sediments (e.g. Molango,
Mexico — Okita and Shanks, 1988; Moanda, Gabon — Hein et al., 1989;
Postmasburg, Southwest Africa — Beukes, 1983; TaoJiang–Minle–
Datangpo, China — Fan et al., 1999; Úrkút, Hungary — Polgári et al.,
1991, 2012a), models for their genesis are under debate. There areV. All rights reserved.
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sins (as reviewed in Maynard, 2010): (i) the so-called “bath-tub ring”
or euxinic basinmodel of Force and Cannon (1988), which has been ap-
plied, for example, to the Molango and TaoJiang localities cited above;
and (ii) the Oxygen Minimum Zone model (Calvert and Pedersen,
1993), which presents an alternative to the euxinic basin idea and ar-
gues for deposition in the open ocean. It is noteworthy that although
such ores are both economically important and of world-wide occur-
rence, no examples are known to exist in the contemporarymarine sys-
tem. Furthermore, despite a range of ages, the various deposits cited
above are broadly similar to one another. A common feature they
share is ﬁne grained and “crinkly” organic matter-rich microlaminae
generally conformable with bedding, typical for microbialites.
At the Úrkút locality in central Hungary, several (1–3) meter-scale
Mn-carbonate beds occur in a ca. 50 m thick black shale. Mineralogical
compositions (rhodochrosite, smectite, celadonite, siderite, manganite,
goethite, hematite) and isotopic characteristics (strongly depleted
δ13C values) of these ores are also distinctive to the ore body (reviewed
in Okita and Shanks, 1988; Hein et al., 1989; Polgári et al., 1991; Fan et
al., 1999). It was previously argued that such stratiform sediment-
hosted Mn-carbonate ore deposits exclusively formed in strictly closed
systems (Okita and Shanks, 1992; Fan et al., 1999). Most of the black-
shale hosted Mn-carbonates are so well-preserved (Fan et al., 1999)
that theirmorphological characteristics such as crinkly bedding can bedi-
rectly compared to microbially-induced sedimentary structures; in this
work we describe them as microbialites (sensu lato). Improvements on
the general basin models for their deposition, along with the detailed
mineralogical and geochemical studies cited above, further bolster
the view that Mn-carbonate ores within black shale-hosted deposits
in Molango Mexico (Okita et al., 1988); Úrkút, Hungary (Polgári et al.,
1991); and TaoJiang–Minle–Datangpo-China (Fan et al., 1999) are
microbialites.
To explore these relationships further in the context of microbially-
mediated sedimentary processes, we undertook a detailed study of the
textural and trace element contents (e.g. As) of selected pyrite-bearing
samples of one of the best examples of a Mn-carbonate deposit at the
Mesozoic Úrkút locality in central Hungary (reviewed in Polgári et al.,Fig. 1. Geological sketch map of the Úrkút manganese deposit (after Szabó a
Please cite this article as: Polgári, M., et al., Correlated chemostratigraphy
(2014), http://dx.doi.org/10.1016/j.gr.2014.12.0022003). Here, we report on the geology and geochemistry of the Úrkút
Mn-carbonate ores in comparison with analogous ore deposits, and
use these data to construct a model for their genesis that accounts for
their microbialite nature. This paper builds on a recently elaborated
two stepmicrobial formationmodel (Polgári et al., 2012a) for the genesis
of the Úrkút rocks and uses themodel to shed new light on the formation
of similar ores elsewhere in the geologic record (e.g. TaoJiang, China).
2. Geological setting
The Jurassic Úrkút deposit is of Toarcian age (Falciferum ammonite
zone viz. Géczy, 1973) and is located in the Transdanubian Range in
central Hungary, approximately 150 km west of Budapest (Fig. 1). It is,
volumetrically, among the ten largest of its kind. Estimated reserves
are about 80 million tons of Mn-carbonate ore that averages ~20 wt.%
Mn and 10 wt.% Fe, with an areal extent of tens of square kilometers.
The Úrkút deposit occurs within marine sedimentary rocks composed
mainly of bioclastic limestone, radiolarian clay marlstone and dark-gray
to black shale. Rhodochrosite beds conformably overlie middle Lias
(lower Jurassic) cherty limestone. The ore is composed of laminated,
alternating gray, green, brown, and black sections composed of mixtures
of ﬁne-grained carbonate minerals and clays. The very ﬁne-grained
(1–2 μm) rhodochrosite-bearing sediments lack detrital grains (Polgári
et al., 2012a), and it was argued that ore accumulation took place in
a structurally controlled small marine basin in a low-energy and
low-temperature depositional environment. The deposit is unmeta-
morphosed; it was not affected by any signiﬁcant diagenetic thermal
overprinting as shown by oxygen isotope data, and probably experi-
enced temperatures ranging between 17 and 23 °C at the time of forma-
tion (Polgári et al., 2012a).
The deposit consists of three Mn ore beds (10-, 3-, and 1 m thick)
separated by a 20- and 4 m-thick black shale (Fig. 2). The genetic
model of Polgári et al. (2012a) proposed that two cycles of microbial ac-
tivity triggered ore formation: Cycle 1 (syngenetic) was an aerobic
chemolithoautotrophic cycle that sequestered metal ions (Mn2+, Fe2+)
from solution via Mn(II) oxidation at the sediment/water interface.
Under this scenario, Mn-oxides were deposited in the sediment pile,nd Grasselly, 1980). Locality GPS data are: 47°04′55″N and 17°38′40″E.
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Cycle 2 (diagenetic) was an anaerobic/suboxic heterotrophic microbial
cycle where early diagenetic microbially-mediated Mn(IV) and Mn(III)
reduction took place via organic matter oxidation and Mn-carbonate
mineralization (Polgári et al., 1991, 2012a). The ore sequence is laminated
at the millimeter scale, and this fabric was interpreted to represent a se-
ries of Fe-rich microbially-induced sedimentary structures or biomats
(Polgári et al., 2012b).
3. Samples and methods
Powder diffraction on 62 samples (258 subsamples) was performed
using a Philips X-ray diffractometer (PW 1710) with carbon monochro-
mator and Cu Kα radiation. Mineral composition was determined on
randomly oriented powdered samples by semi-quantitative phase analy-
sis according to themodiﬁedmethod of Bárdossy et al. (1980), using pre-
viously deﬁned intensity factors.
Oriented samples (n = 112) were collected along a 917 cm thick
section from the footwall to hanging wall from four sections that cross
the main ore bed, and two section crossing the upper ore bed (Fig. 2).
Bulk and separated lamina sub-samples were examined to determine
macroscopic features that cause color and grain-size variations. Petro-
graphic structural–textural studies were made on ninety oriented
(bottom and top of sample position) thin sections in transmitted and
reﬂected light modes.
Samples earmarked for sulfur isotopeswere chosen based onminer-
alogy and thin section observations (pyrite and barite occurrences;
Fig. 2). The pyrite- and/or barite-bearing samples, their characterization
and themethods used, aswell as S isotope data reported in the standard
delta notation (δ34SVCDT) are summarized in Table 1.
Our 34S/32S measurements used the quantitative “Dynamic Flash
Combustion” method. Sulfur measurements were made with a Flash
Elemental Analyzer (single reactor ﬁlled with CuO and copper wires).
A magnesium perchlorate chemical trap removes the water produced
in the combustion process. An elemental analyzer NA 1500 NCS Fisons
Instruments and Thermo Finnigan ConFlo III system at the Institute for
Nuclear Research (HAS, Debrecen, Hungary) combines the high precision
of classical multiple sample/standard comparison technique with the
ease and sensitivity of an on-line interface. The analyte gas (SO2) from
the quantitatively combusted inorganic material was introduced by the
ConFlo III system to a Thermo Finnigan DELTA plus XP isotope ratio mass
spectrometer. This continuous ﬂow technique allows automated isotope
ratio determination of small gas samples. The S replicate analyses agreed
within ± 0.5‰.
Quantitative electron microscopy studies of samples were made on
carbon-coated thin sections (Table 1) using a JEOL Superprobe 733micro-
probe equipped with Oxford INCA 2000 energy-dispersive X-ray spec-
trometer at the Institute of Geology and Geochemistry (HAS, Budapest).
Analytical conditions were 20 kV accelerating voltage and 5 nA beam
current.
4. Results
4.1. Bulk mineralogy and average chemistry
Bulk and subsample mineral compositions of the Mn-carbonate
proﬁles are summarized in Fig. 3.
Themineralswithin the samples are typicallymicrocrystalline, aver-
aging 1–2 μm in size, with very rare detrital mineral grains up to several
tens of micrometers in diameter (e.g. quartz). The bulk mineralogical
composition of the Mn-carbonate ore beds is dominated by rhodochro-
site (Ca-, Mg-bearing), siderite (second bed), kutnohorite, celadonite,
smectite (nontronite), goethite, quartz, Ca-apatite (phosphorite) and
pyrite, with traces of barite, chlorite, zeolite, feldspar, and manganite.
The black shale host consists of quartz, calcite, pyrite, smectite, illite,Please cite this article as: Polgári, M., et al., Correlated chemostratigraphy
(2014), http://dx.doi.org/10.1016/j.gr.2014.12.002celadonite, goethite, and chlorite, with traces of zeolite, and feldspar.
Manganite is the only Mn oxide present in the carbonate-ore bed.
Pyrite occurs commonly in the black shale horizons (underlying-b1,
middle-b2, overlying-b3, b4), in the ﬁrst ore sample, and in the middle
and upper parts of the main (i.e. ﬁrst) ore bed (Polgári, 1993; Polgári
et al., 2003). The second and third ore beds are characterized by alternat-
ing thin ore and black shale layers, which are macroscopically not distin-
guishable. Barite occurs in proﬁle 4 in themiddle part of themain ore bed.
The average main and trace element composition according to ore types
and black shale is summarized in Polgári et al. (2012a),which is similar to
that calculated here based on mineralogy. The organic matter content in
the black shale is around 4 wt.% — in the Mn carbonate ore beds it is
around 0.5 wt.%, the S content ranges between 0.06 and 11.67 wt.%, and
the Ba content between 123 ppm and 1.5 wt.% based on bulk analyses
(Polgári et al., 2012a).
4.2. Morphology
4.2.1. Pyrite
Euhedral, framboidal and/or equant-type pyrites occur rarely in the
ore, and when they do it is at the contact of underlying black shale and
ﬁrst ore sample, and top of the main Mn carbonate ore bed. Sulﬁdes are
frequently found in the black shale horizons (b1, 2, 3, 4; Table 1, Fig. 4).
Euhedral, mainly cubic and/or octahedral pyrites range in size
from ~0.5 to 5 μm, and up to 10–30 μm. Framboidal pyrite grains tend
to be smaller (0.5–1 μm)and form30–50 μmclusters thatwhen clustered
together are several hundred micrometers across. Equant type pyrites
(N20 μm) are similar to the euhedral and framboidal forms and are
often concentrated in layers and lenses.
Theunderlyingblack shale (b1), aswell as the contactwith themainore
bed and b1 (Fig. 5A), is characterized by equant and xenomorphic pyrite.
Most of the main Mn-carbonate ores are not pyritiferous, but the upper
part of proﬁle 4 (4/24–28) contains pyrite in Corg-rich lenses and as
pyritized Fe-rich zones that we interpret to have been goethitic biomats
(Fig. 4A, B). The lower section of proﬁle 5 is more pyritiferous and is rich
in euhedral and equant type forms (5/1–7). The top of the main ore bed
(5/9, 13–14, gray type ore) is even more pyrite-rich, with massive pyrite
layers also occurring there (Figs. 4C, D, 5B). Equant type pyrites are the
most frequent habit in this sample set (Fig. 4G, H). The middle black shale
(b2) between the main and second ore beds likewise contains framboidal
and euhedral pyrite, and the second bed is characterized by equant and
euhedral forms (5/15–19). The b3 and b4 horizons are similar to b2.
4.2.2. Barite
Barite is not visible by conventional optical microscopy; its presence
was revealed by X-ray diffraction and SEM–EDS. Analytical electron mi-
croscopywas used to investigate themorphology and trace element con-
tent of this mineral. Barite occurs in the lower–middle part of the main
ore bed, in proﬁle 4 (4/6, 9, 9b, 10a, 16a, 18, 20, 21, 22, 23, upper green
ore type). The Ba content ranges from 123 ppm to 1.5 wt.% (Polgári
et al., 2012a).
Barite is present as (i) disseminated small xenomorphic or semi-
euhedral grains (0.5–20 μm,most frequently 1–5 μm, Fig. 5C–G); and
(ii) in layers among Fe-rich biomat laminae, surrounded by Ca-rich
rhodochrosite and clay bearing matrix (Fig. 5E, F, G). It is noteworthy
that barite in our samples is always accompanied by quartz (Fig. 5E,
F). Barite vein ﬁllings are also found, which points to complex remo-
bilization processes.
4.3. Chemical composition of pyrite and barite
Compositionally, pyrite in our samples is generally pure and homog-
enous, but in some layers Fe–Co (Ni)-sulﬁde is also present as well as
arsenic-bearing pyrite (b1, upper part of main ore bed).
Barite is pure Ba-sulfate, but in the brown, upper green and gray type
main ore beds and in vein ﬁllings, it is occasionally enriched in Sr.of Mn-carbonate microbialites (Úrkút, Hungary), Gondwana Research
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Sulfur isotope values and distribution in the ore proﬁle are presented
in Table 1 and Figs. 2 and 6 for pyrite and barite. These results show that:
(i) the underlying black shale (sample 1/12) has a δ34S value of−14.7‰;
(ii) the lower and middle parts of the Mn-carbonate main ore bed
(proﬁles 1, 2, 3, and 4, samples 4/9-6–4/23) contain only barite with a
S isotope range between +2.0‰ and +27.2‰. As an exception, in the
ﬁrst ore sample (1/13) there is pyrite with δ34S−8.3‰. In the middle
part of themainMn carbonate ore bed, sample 4/6 contains both pyrite
and barite (the only sample which contains both minerals, but in dif-
ferent sublayers), and the pyrite δ34S value is +3.0‰, and the barite
is +14.6‰. The samples above it contain only barite (Fig. 2), but just
below proﬁle 5, sample 4/28 is also pyritiferous with δ34S value
of +8.7‰ (pyritized biomat, Fig. 4A, B); (iii) the upper part of
the main Mn carbonate ore bed (proﬁle 5, samples 5/1/1–5/14/3,
Fig. 2) is pyritiferous with a S isotope range of−7.8 to +35.2‰; (iv)
the middle black shale (5/15–5/19) is also pyritiferous with S isotope
values between−24.3 and−20.3‰ (−10.7 to−23.4‰ was reported
for this horizon by Vető et al., 1997); (v) the second Mn carbonate ore
bed is interﬁngered by black shale and it is difﬁcult to distinguish
macroscopically the two facies because the transition is continuous.
The second carbonate bed (Z/14–Z/6D) contains pyrite with S isotopes
that range from−0.8 to −17.9‰; (vi) the top black shale (Z/2–Z/1)
bed has S isotopes between −31.4 and +17.1‰; (vii) the top-most
Mn-carbonate ore layer (Z/0/1) has δ34S of +8.4‰.
5. Discussion
5.1. Sulfur isotopes and clues to the genesis of Úrkút pyrite
For the most part, the Úrkút Mn-carbonate deposit is pyrite free. In
the ore zones, organic matter alteration took place via microbially-
mediated Mn(IV,III) reduction, and the system did not reach the sulfate
reduction zone; it remained suboxic (Polgári et al., 2012a, 2013). The
pyrite-bearing zones are within the black shales toward the top of the
sequence. Distribution of euhedral and framboidal pyrite habits in the
black shale of the ore proﬁle supports later diagenetic sulfate reduction
zones, whereas equant types are present at the contact zone of the
underlying b1 and the main ore bed deﬁned by the start of the main
Mn mineralization stage (samples 1/12 and 1/13), the upper gray part
of the main ore bed toward b2 (termination of main Mnmineralization
period; samples 5/9, 13, 14, 15), and the second ore bed (start of the
second Mn mineralization period; sample Z/0).
Framboidal pyrite is formed via recrystallization of precursor
Fe-monosulﬁde, whereas the euhedral grains precipitated directly from
solution at low pH. Growth of both framboidal and euhedral types occurs
when the diffusive supply is faster than the rate at which the crystal
structure can accommodate Fe–S (based on saturation–middle oversatu-
ration; Murowchick and Barnes, 1987). During pyrite formation, the in
situ conditions of saturation are supplied from the overlying sediment
via reduction to sulﬁde of a continuous sulfate supply (Fig. 6), as de-
scribed by Vető et al. (1997). During diagenetic development in sediment
pore waters, framboidal pyrite ﬁrst forms in an open system character-
ized by considerable enrichment of 32S (strongly negative δ34S‰ values;
b1, 2, 3 and 4, Fig. 6). The size of framboids supports diagenetic formation
in the sulfate reduction zone under an oxic water column as described in
Wilkin et al. (1996, 1997). Subsequently, euhedral pyrite formswhen the
pore volume and the diffusive supply of Fe–S decrease so the system
becomes closed. As such, the S isotope values become more enriched in
34S leading to slightly negative or increasingly positive δ34S ‰ values,Fig. 2.Geological proﬁlewith sample locations of theÚrkútMn-carbonate deposit. (Sampling 20
from the base to the top of the three ore layers and the intervening black shale). Key: fragm —
numbers on the stratigraphic columns are sample numbers; * indicates samples for XRD; 0 indic
3, 4, and 5 are from themain ore bed, proﬁle Za, Zb and Z0 are from the second ore bed. Patterns sh
to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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(2014), http://dx.doi.org/10.1016/j.gr.2014.12.002respectively. The Úrkút sedimentary system behaved as an open system
throughoutmost of the black shale accumulation and early to late diagen-
esis. This view is supported by the δ34S values cited above. Ore horizons
reached semi-closed/closed conditions with relatively more positive
δ34S values than contemporaneous Jurassic seawater at around +16‰
during diagenesis (Claypool et al., 1980; Table 1, Fig. 6). The Mn car-
bonates contain enriched values of 34S with an average of +22.2‰
(maximum is +35.2‰).
Equant type pyrites differ in origin and composition from the
framboids and euhedral types. Under conditions of extreme oversatura-
tion they precipitate directly from solution and frequently outgrow the
pore space, inducing local soft-sediment deformation. Based on these fea-
tures, the equant type pyrite most probably formed via external pore
ﬂuid migration. Sulfur isotope values of the equant type pyrites are also
different; they can be very enriched or depleted in 32S depending on
the origin of ﬂuid migration. The Úrkút data are strongly negative and
moderately positive in δ34S (−20.3 to +20.8‰; Table 1; Fig. 6). Sulfate
reduction results in enrichments in 32S, and hydrothermal effects tend
to drive δ34S toward heavier values. Perhaps the most important factor
to inﬂuence the sulfur isotope signature of sedimentary pyrites is
the rate of sediment accumulation because this determines whether
the system is open or closed. In the case of Úrkút, mass balance calcula-
tions show that the sedimentation rate was very high (Polgári et al.,
2012a).
5.2. S isotope interpretation and genetic considerations of barite
Barite occurs in the lower–middle part of themain ore bed, in proﬁle
4 (upper green ore type), with a δ34S value between+2.0 and+27.2‰
and an average value of +14.2‰. Taking into consideration that
Jurassic seawater δ34S was around+16‰, shows that barite formation
occurred most probably under a microbially mediated semi-closed/
closed system during later diagenesis. Barite is a common authigenic
constituent of marine sediments (e.g. Rothewell, 1989), in the form of
disseminated small grains as in Úrkút, enriched in lenses or layers,
and commonly associated with biogenic debris (Cruickshank, 1974;
Clark et al., 1990).
Hydrothermal activity can also be invoked as a source for Ba because
Fe and Mn contents are high (Mn–Fe ore), and vein ﬁlling Sr-bearing
barite bolsters this possibility. Volcanic debris (e.g. ash) alteration as
source for Ba can be excluded, as it has previously been shown that
there was no volcanogenic contribution to the deposit (Polgári et al.,
2013). A clear association exists, however, between barite and organic
matter as previously reported by Boström et al. (1973). The Úrkút barite
is also commonly associated with quartz like that noted by Stamatakis
and Hein (1993) who proposed that the barite was derived from the
diagenesis of biogenic silica. According to Stamatakis and Hein (1993),
the formation of authigenic quartz preceded the formation of barite.
The source of Ba, therefore, wasmost likely via decomposition of organ-
ic matter derived from plankton and other organisms (Radiolaria), and
the diagenesis of biogenic silica. This scenario also ﬁts well with the dis-
seminated, plankton-derived formation model presented by Koski and
Hein (2004). The source of the sulfate ions was from seawater and pos-
sibly additional sulfate was produced and utilized in microenviron-
ments from the decomposition of organic matter. Aqueous barium and
sulfate most commonly combined as an abiogenic precipitate within
void space generally within organic-rich parts of the sediment. In ma-
rine sediments, barite precipitation can be initiated by increasing sulfate
or Ba activity or by changes to pH associated with the decay of organic
matter (Clark and Mosier, 1989; Maynard and Okita, 1991) and the09, ÚrkútMine, shaft no. III, deep level,+180m; total no. of samples 112 spanning 917 cm
fragmented sample; cont. — continuous sampling; not cont. — not continuous sampling;
ates samples for thin sections (in brackets the number of thin sections, total 90); proﬁles 1,
ow only color varieties and not sedimentary structures. (For interpretation of the references
of Mn-carbonate microbialites (Úrkút, Hungary), Gondwana Research
Table 1
Selected samples of ore proﬁle based on pyrite and barite occurrences (XRD and/or thin section study), and S isotope data, morphology and chemistry.
System Bs effect
pore fluid
migration
(microbial
H2S)
δ34S
Pyrite
(‰)
Sample δ34S
Barite
(‰)
XRD Thin 
section
SEM–
EDS
Size of
pyrite
(μm)
Morphology
of pyrite
Occurrence
characteristics
Chemistry
Open →
Hydr
effect?
+8.4 Z/0/1 * * ~ 50 Eq + E* Random
sheaf–like sets
Open * 0.5–1 E Random, 
dissem*
Open +5.3 Z/1–2* *
Open +17–1 Z/1–1 *
Open –31.4 Z/2/2 * * * 0.5–1
(<50)
F* Random, dissem
Open * 0.5–1 E Random,
disseminated
Open → –17.0 Z/6D *
Open → –17.0 Z/6B–1 *
Open –5.0 Z/7/2 * 0.5–1
(<50)
F Random
Open 0.5–1 E Thin and
thicker layers
(laminae)
Open – Z/8/1 – * * 0.5–1
(10–20)
F Disseminated,
random
Open * 0.5–1 E Along layers
(laminae), at
some places
very rich
Open * 0.5–1 E Real pyrite–rich
layer (thickness
is ca: 500 μm)
Open –17.4 Z/9 *
Open –17.9 Z/11 *
Open → – Z/13/2 – * 0.5–1 E Disseminated +
clusters (lenses)
in altered Corg–
rich parts
Open → –0.8 Z/14 *
Open –24.3 5/19 *
Open –22.5 5/16 *
Open → –20.3 5/15/2 * * * 20–30– Eq + E + F
4–, 6–
Different types are
separated by
sedimentary
horizons, at some
zones strong
enrichment, thin
and thicker layers
up to some hundred
μm
Open → * 50 (50–
200)
Eq + E + F Different types
are separated by
sedimentary
horizons, at some
zones strong
enrichment, thin
and thicker layers
up to some hundred
μm
Open → +7.3 5/14/3 * * * 50–80 Eq + E In layer equant
pyrite (twins?)
with core which
are homogenous
by EDS
Secondary
barite
veinlets
randomly
Sr–bearing
Open → * 0.5–1 E Layers, lenses
alternate or
disseminated
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Open → * 10–20 Eq + E Layers, lenses
alternate or
disseminated
Open → * Massive M*
Open → –7.8 5/13/1 * * * Massive M Massive part ZnS (Cd),
Ce (La,
Nd, Ca)–
phosphate
top of main
ore bed
Open * * 10–20 Eq Disseminated
Semi–
closed/
closed
Hydr
effect?
+20.8 5/9/3 * * * 10–30 Eq + E Disseminated,
frequent
Pyrite rich
layers also
Semi–
closed/
closed
* 0.5–1
(20–30)
F Rare
Semi–
closed/
closed
* 20–50 Eq (6–) Rare, also in
layer
Finer
upstairs
Open +3.8 5/7 *
Open +16.8 5/6a–9 * * *
Semi–
closed/
closed
+22.2 5/6a–4 * * *
Semi–
closed/
open
+17.3 5/6a–3 * * * As–bearing
pyrite
Semi–
closed/
open
+23.5 5/6a–2 * * *
Semi–
closed/
closed
+35.2 5/4–11 *
Semi–
closed/
closed
+33.4 5/4–10 *
– 5/1/1 * 0.5–1 E Disseminated,
and in lenses
Open +8.7 4/28 *
4/26 * * 1–5? E Pyritized
biomat
– 4/24/2 * 1–10 E + M Random in
lenses
4/23 +26.2 * *
4/22–3 +11.7 * * *
4/22–1 +27.2 * * *
4/21–7 +4.5 * * *
4/21–6 +2.0 * * *
4/21–5 +18.2 * * *
4/20–6 +14.8 * * * Sr–traces
in barite
4/20–1 +26.6 * * *
4/18 +26.5 * * *
4/16a +9.6 * *
4/10a +9.7 * * *
4/9b–5 +4.0 * * *
4/9b–3 +8.4 * * *
4/9–8 +9.1 * *
4/9–6 –10.1 * *
4/6–5 +14.6 *
Open +3.0 4/6–1 *
Open → –8.3 1/13 * * * 5–20 Xenomorph
pathes
Co–bearing
Fe–sulfide
Open Hydr
effect?
–14.7 1/12 * * * Eq As–bearing
pyrite
*Sample note: gray cells represent black shale; others represent Mn-carbonate ore; E: euhedral; Eq: equant; F: framboidal; M: massive type pyrite; dissem: disseminated; for sample lo-
cation see Fig. 2.
Table 1 (continued)
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Fig. 3.Mineral composition (XRD) of Mn-carbonate ore samples and macroscopically separated subsamples normalized to 100% (for sample locations see Fig. 2). The graph wasmade by
coding the estimated quantity of selected minerals (graphics by Gergely Rózsás, Pázmány Péter University). Key: gry — gray; grn — green; brn — brown; blk — black; avg — average.
8 M. Polgári et al. / Gondwana Research xxx (2014) xxx–xxxremains of siliceous plankton such as Radiolaria as in Úrkút (Dehairs
et al., 1980; Bishop, 1988; Polgári et al., 2012a). In Cenozoic marine sed-
iments, barite mineralization occurs in the opal-CT and clinoptilolite
transition, whereas the chalcedony-rich beds are poor in barite
(Stamatakis and Hein, 1993). The Lower Jurassic Úrkút deposit contains
only authigenic quartz with a negligible detrital quartz component.
Althoughmost of themainMn carbonate ore bed is free of pyrite, the
barite-bearing zone has a unique distribution. The lower green part of
themain ore bed is quartz-rich (30 wt.%; Hahn, 2009; strong diagenetic
quartz formation, proﬁle 1, Figs. 2–3), and contains considerable
amounts of celadonite reﬂecting suboxic formation and early diagenetic
conditions, but the rhodochrosite and goethite contents are low. Owing
to the fact that the Mn mineralization was microbially-mediated
(Polgári et al., 2012a), and that the goethite is the mineralized remains
of microbial mats (Polgári et al., 2012b), the organic matter content in
this lower green part of the section is low which explains the absence
of barite. Themiddle brownpart of themain ore bedwas a dense biomat
system that existed under suboxic conditions and aided the anoxic/
anaerobic diagenetic formation of nontronite without sulfate reduction
and pyrite formation (Polgári et al., 2013, Figs. 2–3). These conditions
were probably too anoxic for barite formation, and the silica content is
low in this part of the section (2 wt.%; Hahn, 2009). The brown ore
section contains the remnants of Mn-oxide “proto ore”, which could
not transform to rhodochrosite via early diagenesis in the absence of
sufﬁcient organic material. The barite-bearing upper green part of
main ore bed also has low silica content (2 wt.%; Hahn, 2009), but the
organic material content was enough to lead to barite mineralization.
The formation and diagenetic conditions based on clay mineralogy re-
ﬂect suboxic conditions (Polgári et al., 2013). The gray top part ofPlease cite this article as: Polgári, M., et al., Correlated chemostratigraphy
(2014), http://dx.doi.org/10.1016/j.gr.2014.12.002main ore bed is strongly pyritiferous, and thus the conditions were
not favorable for barite formation.
5.3. Genetic and paleoenvironmental considerations
Manganese carbonate formation results from suboxic diagenetic re-
duction of Mn oxide by organic matter (e.g. Okita et al., 1988; Polgári
et al., 1991).
Comparing our results with data from the Molango (Mexico) and
TaoJiang (China) Mn-carbonate microbialites reported by Okita and
Shanks (1992) indicate strong similarities. The Mn-free rocks
(black shale zones) in which pyrite is abundant are characterized
by depleted δ34S-values typical of microbially-modulate pyrite
formation with very similar average data in the three deposits
(−24.1‰ for Molango; −23.6‰ for TaoJiang; and −22.4‰ for
Úrkút-b2). Manganese–carbonate zones that are relatively poor in
pyrite exhibit strong 34S-enrichments. There are also some marked
differences between the three deposits. TheMolangoMn-carbonate sam-
ples (rhodochrosite, Mn-calcite + rhodochrosite and Mn-calcite)
have δ34S values that average about −2.3‰ with a maximum
of+19.7‰. TaoJiang has average δ34S values of+1.9‰with amaximum
at +24.5‰, compared to the average δ34S for Úrkút of +8.8‰ with a
maximum of +35.2‰. The Mn-carbonate ore is also characterized by
low total sulﬁde content, whichmay be the result of: (i) oxidizing condi-
tions; (ii) inﬂux of sulfate-deﬁcient fresh water; (iii) re-oxidation and
loss of metastable sulﬁdes (MnS, FeS; Aller and Rude, 1988); or (iv)
closed-system diagenesis in a system having low sulfate concentrations
(Okita and Shanks, 1992). Based on Mn-enrichment processes, we
consider oxidizing conditions (scenario i) as the most probable, but theof Mn-carbonate microbialites (Úrkút, Hungary), Gondwana Research
Fig. 4. Thin section optical microscopy photos. Thin section photos showing Fe-rich biomat structures for different representative samples andmagniﬁcations (sample numbers are on the
photos), and pyrite. The thickness of the thin sections and the density of biomats are variable (A, B, C, and G by transmitted light). Arrows show representative parts of mineralized ﬁla-
mentous structures, partly pyritized on (A) and (B). (D, E, F, andH) Reﬂected light photos of samples showing euhedral (C, D, and E), equant (G, and H) and framboidal (F— arrow) pyrite.
(D) Reﬂected light photo of (C); (H) reﬂected light photo of (G). For sample locations see Fig. 2.
9M. Polgári et al. / Gondwana Research xxx (2014) xxx–xxxre-oxidation and loss of metastable sulﬁdes (scenario ii) as well as
closed-system diagenesis in a system having low sulfate concentrations
(scenario iii) cannot be ruled out. Fresh water input can be excluded as
all three deposits were formed in normal marine conditions.
As for what triggered the onset ofMn accumulation, distal hydrother-
mal discharge, and/or change of Eh conditions are plausiblemechanisms.
The gray top part of the main ore bed is rich in pyrite, which also
accompanies changes to the texture of the ore to coarse euhedral rhodo-
chrosite and equant pyrite (Fig. 5B). We view this as evidence for some
external pore ﬂuid migration perhaps from distal hydrothermal inﬂux.
This conclusion is also supported by scarce occurrence of Cd-bearingPlease cite this article as: Polgári, M., et al., Correlated chemostratigraphy
(2014), http://dx.doi.org/10.1016/j.gr.2014.12.002ZnS. Conditions were not favorable for barite formation here, but at
some horizons the Sr content of barite, as well as enrichments in Co,
Ni and As in sulﬁdes, point to the role of occasional hydrothermal input.
6. Conclusions
A whole proﬁle mineralogical, trace element and isotopic study of a
microbially-mediated Mn-carbonate ore at the Úrkút locality in central
Hungary were undertaken to elucidate its petrogenesis and paleo-
environmental setting. Sulfur isotopes and trace elements were mea-
sured in the pyrite-bearing parts of the Úrkút microbialites. Theseof Mn-carbonate microbialites (Úrkút, Hungary), Gondwana Research
Fig. 5. SEM–EDS photos of pyrite and barite inMn-carbonate ore and black shale (back scattered electron images, for sample localities see Fig. 2). (A) Xenomorph Fe–Co-sulﬁde (P) in ﬁne
grained Ca-rhodochrosite (Mn), quartz (Q) and clay (C) matrices, sample 1/13(1); (B) coarse grained equant type pyrite (P), euhedral–semi-euhedral Ca-rhodochrosite (Mn) and
xenomorph calcite (Ca), sample 5/13(1); (C) ﬁne grained disseminated pure barite (B) in Mn-carbonate ore, sample 4/10a(1), the matrix is quartz (Q), Ca-rhodochrosite (Mn), clay
(C) and apatite (A); (D) small barite grains in a lamina, sample 4/10a; the gray scale is the same as in (C); (E) barite grains (B) in the vicinity of early diagenetic quartz (Q) along Fe-rich biomat
lamina (Fe), sample 4/18. Thematrix is a veryﬁne grained Ca-rhodochrosite (Mn) and clay (C)mixture; (F) highermagniﬁcation of area shown in (E); (G) barite-rich Ca-rhodochrosite lamina
with apatite grain (A) between Fe-rich biomat laminae (Fe) and clay-rich Ca-rhodochrosite matrix. The barite is associated with quartz (dark-black phases), sample 4/22.
10 M. Polgári et al. / Gondwana Research xxx (2014) xxx–xxxwere documented to contain all main pyrite morphotypes, and the
distribution of euhedral and framboidal types in the ore proﬁle points
to later diagenetic sulfate reduction zones, whereas the equant pyrite
types occur at the contact zone of the organic-rich (black shale) andPlease cite this article as: Polgári, M., et al., Correlated chemostratigraphy
(2014), http://dx.doi.org/10.1016/j.gr.2014.12.002Mn-carbonate ore horizons. The size of framboids supports diagenetic
formation in a sulfate reduction zone under an oxic water column.
Measured δ34S values up section show that the Úrkút paleo-
sedimentary system acted as an open system over most of its blackof Mn-carbonate microbialites (Úrkút, Hungary), Gondwana Research
Fig. 6. Sulfur isotope distribution of barite and pyrite in the black shale-hosted Mn-carbonate deposit, Úrkút.
11M. Polgári et al. / Gondwana Research xxx (2014) xxx–xxxshale accumulation time and early diagenesis. Heavier δ34S values in ore
zones compared to contemporaneous Jurassic seawater indicate that
only in ore horizons were semi-closed/closed conditions reached.
Based on our analysis, the equant type pyrite most probably formed
from external pore ﬂuid migration subsequent to deposition. The most
important factor that inﬂuenced the sulfur isotopic composition of
sedimentary pyrites is the rate of sediment accumulation, which was
high in the Úrkút depositional setting.
Barite occurs in the lower to middle part of themain ore bed, with a
δ34S between +2.0 and +27.2‰, the average value is +14.2‰. Given
that Jurassic seawater δ34S was around +16‰, barite formation most
likely happened undermicrobiallymediated semi-closed/closed system
conditions during later diagenesis. Barite is a common authigenic con-
stituent of marine sedimentary formations in the form of disseminated
small grains as found in Úrkút, enriched in lenses or layers, and com-
monly associated with biogenic debris. Hydrothermal input also played
a role because Fe and Mn contents are very high (Mn–Fe ore), and vein
ﬁlling Sr-bearing barite is present. A clear association exists between
barite and organic matter. The source of Ba was dominantly from the
decomposition of organic matter derived from plankton and other
organisms and the diagenesis of biogenic silica.
Despite the fact thatmost of themainMn-carbonate ore bed is pyrite
free, the barite-bearing zone has a unique distribution. The lower green
part of the main ore bed is rich in quartz, and contains considerable
celadonite that we interpret to represent suboxic formation and earlyPlease cite this article as: Polgári, M., et al., Correlated chemostratigraphy
(2014), http://dx.doi.org/10.1016/j.gr.2014.12.002diagenetic conditions, but the rhodochrosite and goethite contents of
these layers are low. The low organic matter content in this lower
green part could explain why barite is absent from this part of the
section. The middle brown part of the main ore bed formed from a
dense biomat under suboxic to anoxic/anaerobic conditions without
sulfate reduction and associated pyrite formation. In addition to the
low silica content, these conditions were probably too anoxic for barite
formation. Furthermore, the brown ore contains remnants of aMn-oxide
“proto ore”, which could not transform to rhodochrosite via early diagen-
esis in the absence of sufﬁcient organic material. The barite-bearing
upper green part of the main ore bed likewise has low silica content,
but the organicmaterial contentwas high enough to facilitate baritemin-
eralization. The gray top part of the main ore bed is strongly pyritiferous,
where the conditions were not favorable for barite formation.
In terms of paleoenvironment, the Mn-carbonate microbialites
formed via suboxic diagenetic reduction ofMn-oxide by organicmatter.
Sub-oxic conditions too oxidizing to support sulfate reduction were
evoked because of the conspicuous scarcity of pyrite and an abundance
of oxidized Fe mineralization in the form of goethitic Fe-rich biomats
within the Mn-carbonate.
Our results for Úrkút compare well with previous studies of the
analogous Molango (Mexico) and TaoJiang (China) localities described
in Okita and Shanks (1992).
Cycles of onset and termination of Mn-carbonate production can be
related to Mn supply by distal hydrothermal discharge, and/or changeof Mn-carbonate microbialites (Úrkút, Hungary), Gondwana Research
12 M. Polgári et al. / Gondwana Research xxx (2014) xxx–xxxin Eh; sulﬁde crystal habit and trace element contents (Co, Ni, Zn, Cd and
As) bolster the view that distal hydrothermal ﬂuids variably affected the
nature of deposition in the Úrkút microbialites.
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